Hoebe K et al. Upregulation of costimulatory molecules induced by 
lipopolysaccharide and double-stranded RNA occurs by Trif-dependent and 
Trif-independent pathways. Nat Immunol. 2003 Dec;4(12): 1223-9. 
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Tableau IL Express ion de TLR7 et TLR8 dans différents types cellulaires humains 
et murins. mCD : CD myéloìdes ; pCD : CD plasmacytoì'des ; NK : naturai killer ; 
- : pas d'expression ; + : expression faible ; ++ : expression intermédiaire ; 
+++ : forte expression. 



Dendritic cel subsets in human blood 



Table 2. Subpopulations of human blood dendritic cells 


DC type 


Conventional DCs 






Plasmacytoid DCs 






Name 


CD1c + DCs 


CD141 + DCs 


slanDCs 


Plasmacytoid DCs 


Marker 


CD1c (MHC class I related) 1 


CD141 (BDCA3, Thrombomodulin)' 


6-sulfoLacNAc (slan) 


BDCA2 (CD303, C-type lectin) 










BDCA4 (CD304, Neuropilin 1) 


Frequency 2 


-0.4% 


-0.2% 


-1.2% 


-0.2% 


Phenotype 


CD33 + , CD13 \ CD11b + (Marker suggestiveof myeloid differentiation) 








CD1c + 


CD1c" 


CD1c" 


CD1c" 




CD11c + 


CDllc low 


CD11C + 


CD11C" 




CD16" 


CD16" 


CD16 + 


CD16" 




CD45RA" 


CD45RA" 


CD45RA + 


CD45RA + 




CD88" (C5aR) 


CD88" 


CD88 + 


CD88" 




C3 aR" 


C3aR" 


C3aR + 


C3aR" 




CD 123 ,ow 


CD123" 


CD123 iow 


CD123 + 


Cytokine 


Low TNF-a 




High TNF-2 


High IFNy 


production 


Low IL-12p70 




High IL-12p70 




1 Marker not specific for DCs. 








2 Among peripheral blood mononuclear cells. 










Dendritic celi subsets in human blood 
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Lymphoid tissue (resident DCs) 
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equivalent equivalent 
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TLR7 and TLR9, which are associateci with UNC-93B, are transported to the endolysosome. In the endolysosome, these TLRs interact with their respective ligands and recruit MyD88. MyD88 
interacts with TRAF6 through IRAK4 and activates TAK1 . TAK1 activates NF-*B through the IKK complex. MyD88 also interacts with IRAK4 and IRAK1 . The IRAK1 and IKKa phosphorylate IRF7. 
IRAK1 interacts with TRAF3 and phosphorylates IRF7. The phosphorylated IRF7 is translocatedto the nucleus for thetranscription of type I IFNs. 
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Cellular sources of IFN-I during virai infections. pDCs detect RNA and DNA viruses through 
endosomal TLR7 and TLR9, respectively, leading to the secretion of IFN-I. 




Swiecki M et al. J Leukoc Biol 2011;90:691-701 
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FIGURE 4-15 Biologie actions of type I interferons. Type I interferons UFN«, IFN-pl are produced by virus-infected oells in responsi 
to intracellular TLR signaling and other sensors of virai RNA Type I interferons bind to receptors on neighboring uninfected cells and activate JAK- 
STAT signaling pathways. which induce expression of genes whose produets interfere with virai replication. Type I interferons also bind to receptors 
on infected cells and induce expression of genes whose produets enhance the cell s susceptibility to CTL-mediated killing. 




Figure 1 TLR signaling overview: the TLR family can be subdivided into two categories. TLR 1, TLR2, TLR4, TLR5 and TLR6 are located primarily on the celi surface. 
Conversely, TLR3, TLR7, TLR8 and TLR9 are located within intracellular vesicles. Furthermore, TLRs can be found as homo or heterodimers (such as TLR 1/2 and 
TLR2/6). Upon recognition of a PAMP, the TLR changes its conformation and recruits adapter proteins such as TRIF, TRAM, MyD88 and TIRAP. The celi surface 
TLRs, including the heterodimers TLR 1/2 and TLR2/6, recruit MyD88 and TIRAP adaptor proteins to signal the N F-Kb pathway to produce NF-Kb-mediated cytokines. 
Additionally, TLR4 uses the TRIF and TRAM proteins to produce type I IFNsthrough the IRF3 pathway. OftheendosomalTLRs,TLR8andTLR9 utilize adaptor protein 
MyD88 to signal through NF-Kband IRF7 pathways. Finally, endosomal TLR3 enlists the TR IF adaptor to create both type I IFNsas well as NF-Kb cytokines through 
IRF3and NF-Kb pathways. The model depicts internalization of an extracellular pathogen, Borrelia burgdorferi (Bb), which isinternalized into the phagosome where 
TLR2 and TLR8 signalling occurs. Phagocytosis of live Bb, induces transcription of IFN-p through I RF-7, a phenomenon entirely dependent on the availability of TLR8, 
while induction of NF-Kb-dependent cytokines is due to a cooperative action of TLR2 and TLR8. 10 IFN, interferoni IRF, IFN regulatory factor; PAMP, pathogen- 
associated molecular oattern: NF. nuclear factor: TLR. Toll-like receotor. 




Table 7.1 Negative regulators of the TLR pathways. Several proteins act as negative regulators of 


the TLR pathways. This table lists these regulators and describes their targets and functions 




Negative regulators 


Target and function 




ST2L 


Sequester MyD88 and Mal away from TLR4 




RP105/MD1 


RP105/MD1 binds TLR4/MD2 preventing LPS from binding 




SIGIRR 


SIGIRR sequesters IRAKs and TRAF6 preventing IL- IR and 






certain TLRs from signaling 




MyD88 s 


This splice variant cannot recruit IRAK-4 thus inhibiting 






downstream signaling 




TAG 


This splice variant of TRAM disrupts the TRAM-TRIF interaction 




thus inhibiting TLR4-dependent IFN production 




IRAK-lc 


This splice variant lacks kinase activity and sequesters MyD88, 




IRAK-2 and TRAF6 away from IRAK-1 




IRAK-M 


IRAK-M lacks kinase activity and prevents dissociation of 






IRAK-1 and IRAK-4 from MyD88 




TRAF1 


TRAF1 inhibits TRIF-mediated NF-kB and IRF3 activation 




TRAF4 


TRAF4 inhibits NF-kB activation probably via interactions with 




TRAF6 and TRIF 




TANK 


TANK negatively regulates the TLR NF-kB pathway 




RIP3 


RIP3 sequesters RIP1 away from TRIF 




A20 


A20 cleaves ubiqutinated TRAF6 limiting the activation of NF-kB 




and interacts with TBK1 and IKKe to inhibit IFN production 


SOCS-1 


The exact role of SOCS-1 is stili under debate 




Rab7b 


Rab7b promotes the degradation of TLR4 
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TAM 




IRF3 NF-kBs r 



■ Type I IFNs 



NF-kBs 
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TRENDS in Immunology 

Figure 2. TRIF-dependent TLR pathway and its negative regulators. TLR4, which translocates to the endosome after LPS stimulation, and TLR3, which recognizes dsRNA, 
adivate the TRIF-dependent pathway. Although signal complexes containing receptor (TNFRSF)-interacting serine-threonine kinase 1 (RIP1), TNFRSFIA-associated via 
death domain (TRADD), Fas (TNFRSF6)-associated via death domain (FADD), and caspase 8 adivate NF-kB, TRAF3 induces type I IFNs by adivating noncanonical IKKs 
(TBK1 and IKKi) followed by IRF3/7 adivation. TAG and SARM negatively regulate this pathway at the TRIF level. TIPE2 prevents caspase 8 from forming a signal complex. 
SHP-2 binds to TBK1 and blocks downstream signaling. DUBA cleaves the polyubiquitin chain on TRAF3. SOCS3 mediates degradation of TRAF3. IRF3 degradation is 
regulated by Pini, RAUL, and SCF complex. Virus-derived protei ns such as KSHV RTAor HIV vpr/vif exploit these system s. Inhibitory regulation by Atg16L1 is dependent on 
the TRIF pathway. miR-155 targets IKKl. HCV NS3-4A cleaves TRIF. 
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Figure 1. MyD88-de pende nt TLR pathway and its negative regulators. TLRs recognize their respective ligands at the celi surface orendosomes, leading to recruitment of 
MyD88. MyD88 interacts with IRAKs and activates TRAF6, resulting in induction of inflammatory responses by activation of NF-kB, MAPK and IRF5. Formation of 
polyubiquitination on TRAF6 is inhibited by TANK and SHP and once formed the polyubiquitin chain is removed by A20 and CYLD. NLRX1 and NLRC5 attenuate activation 
of the IKK complex. IRF4 competes with IRF5. SHP-1 mediates activities of IRAKs, which is promoted by Leishmania infection. SOCS proteins induced by TAM receptor 
signaling promote degradation of TIRAP and TRAF6. Integrin signaling induces several regulators and mediates degradation of MyD88 by Syk and Cbl-b combination. In 
neutrophils, TAK1 blocks TAB-induced activation of p38 MAPK. MSK1 and MSK2 are activated by MAPK and increase MAPK phosphatase DUSP1 expression. PDLIM2 and 
Trim30a mediate ubiquitination and degradation of p65 and TAK1-TAB complex, respectively. ATF3 promotes histone deacetylation and limits access of transcriptional 
factors. IkBNS, Bcl-3 and Ah receptor regulate NF-kB activity at promoter regions of target genes. Nurrl recruits the CoREST complex and removes NF-kB from promoter 
regions. TTP enhances deadenylation and degradation of TNF-a mRNA. Zc3h12a degrades IL-6 and IL-12p40 mRNA. miR-155 and miR-146 target mRNA of indicated 
molecules. miR-21 controis cytokine production by regulating PDCD4 expression. lpaH9.8 targets NEMO for degradation. VACV A46R disturbs complex formation 
consisting of TIR-domain containing adapters. VACV A52R impedes interaction between IRAK2 and TRAF6. DC-SIGN recognizes mycobacterial components and induces IL- 
IO production by mediating acetylation of p65. Eritoran and AV-41 1 are TLR4 antagonists. EM77/1 10 and ST2825 inhibit formation of MyD88-IRAK complex. Chloroquine 
and E6446 block TLR9 signaling. Gray, signal molecule; lime green, competitor; red, ubiquitin ligase or autophagy protein; blue, DUB or phosphatase; black, transcriptional 
regulator; purple, regulator of RNA stability; pink, miRNA; brown, pathogen derived; green, artificial antagonist; yellow, other categories. 




Pathogen 



TLR Ligand 
Shielding 



Bartonella (38), 
Campylobacter (38), 
Heiicobacter(3E>,3Q) t 
Salmonella (31 ,32,37), 
Yersinia (36) 




TLR Evasion 
Decision 



Host Celi 



Antimicrobial activity 



Evasion, Escape, 
Subversion of 
Phagocytosis 

i 

Brucella (60), Chlamydia (58), 
Legionella (57), Listerìa (18,56), 
Salmonella (62,63), Shigella (18,56), 
Staphylococcus (55,61 ), 



Interference 
with TLR 
Signaling 

l 

Brucella (50), 
EPEC (43-46,51), 
Salmonella (51), 
SWge//a (47), 

Yersinia (40-42,51 ) Streptococcus (54), M. tuberculosis (59) 
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Strategies used by pathogens to evade TLR signaling. Three common evasion strategies utilized by different pathogens are illustrated. Bacteria that 
employ these mechanisms (and relevant citations) are indicated beneath each strategy. See text for discussion. 



Examples of Virally-Encoded TLR Evasion Strategies. 


Target 


Viruses 


MyD88, IRAK1/2/4 
RIP1 , TRAF3/6 
TRIF 

TBK1 , IKKi, IRF3/7 


Herpes simplex virus, Poxviruses, Hepatitis C virus 
West Nile virus, Respiratory syncytial virus 
Influenza, Reovirus, Coxsackievirus, Karposi's 

sarcoma- associateci herpes virus, African swine fever virus, Hepatitis A/C viruses 
Eboia virus, Hepatitis C virus, Vaccinia virus, Varicella-Zoster virus, Rabies virus, 
Foot-and-mouth disease virus, Epstein-Barr virus, Measles virus 











TABLE 4-2 Examples of PAMPs and 


pAMPs] 


Pathogen-Associated Molecular Patterns 


Microbe Type 


Nucleic acids 


ssRISIA 
dsRNA 
CpG 


Virus 
Virus 

Virus, bacteria 


Proteins 


Pilin 

Ragellin 


Bacteria 
Bacteria 


Celi wall lipids 


LPS 

Lipoteichoic acid 


Gram-negative bacteria 
Gram-positive bacteria 


Carbohydrates 


Mannan 
Dectin glucans 


runyi, uduiurid 

Fungi 


Damage-Associated Molecular Patterns 




Stress-induced 
proteins 


HSPs 




Crystals 


Monosodium urate 




Nuclear proteins 


HMGB1 




CpG, cytidine-guanine dinucleotide; dsRNA, double-stranded RNA; HMGB1, 
high-mobility group box 1; HSPs, heat shock proteins; LPS, 
lipopolysaccharide; ssRNA, single-stranded RNA. 
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Table 1 1 Sterile stimuli 








Sterile inflammatory 
signal 
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RNA 


TLR3 


Cellular injury and necrosis 


39. 


DNA 


TLR9 andAIM2 


Cellular injury and necrosis 


40.48 


Urie acid and MSU crystals 


NLRP3 


Cout 


12 


ATP 


NLRP3 


Cellular injury and necrosis 


2( 


Hyaluronan 


TLR2.TLR4 and CD44 


Cellular injury and necrosis 


31.32. 


Biglycan 


TLR2 andTLR4 


Cellular injury and necrosis 


1^ 


Versican 


TLR2 


Cellular injury and necrosis 




Heparan sulphate 


TLR4 


Cellular injury and necrosis 




Formyl peptides 
(mitochondrial) 


FPR1 


Cellular injury and necrosis 




DNA (mitochondrial) 


TLR9 


Cellular injury and necrosis 




CPPD crystals 


NLRP3 


Pseudogout 




|?-amyioid 


NLRP3.CD36and RACE 


Alzheimers disease 


56.94. 


Cholesterol crystals 


NLRP3and CD36 


Atherosclerosis 


59. 
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Cellular injury and necrosis 


15.2: 
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Cellular injury and necrosis 


1( 


Exogenous 


Silice 


NLRP3 


Silicosisand pulmonary 
interstitialfibrosis 


44.53 


Asbestos 
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Asbestosis and pulmonary 
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AIM2. absent in melanoma 2: CLEC4E. C-type lectin 4E: CPPD. calcium pyrophosphate dihydrate: DAMR damage-associated 
molecular pattern: FPRl. formyl peptide receptor 1: HMCBl. high-mobility group box 1: HSP. heat shock protein: IL. interleukin: 
MSU. monosodium urate: IL-lR. IL-1 recepton NLRP3. NOD-. LRR-and pyrin domain-containing 3: RACE, receptor foradvanced 
glycation end produets: SAP130. spliceosome-associated protein l30j TLR. Toll-Uke receptor. *References may not be ali inclusive. 



Figure 2. Nucleic Acid Sensing by TLR7 and TLR9 
TLR7 and TLR9 recognize virai ssRNA and CpG DNA, 
respectively. Stimulation with ligands or infection by 
viruses induces trafficking of TLR7 and TLR9 from the 
ER to the endolysosome via UNC93B1. TLR9 undergoes 
cleavage by proteases present in the endolysosome. A 
complex of MyD88, IRAK-4, TRAF6, TRAF3, IRAK-1, 
IKK-a, and IRF7 is recruited to the TLR. Phosphorylated 
IRF7 translocates into the nucleus and upregulates the 
expression of type I IFN genes. Viruses that have 
entered the cytoplasm are engulfed by 
autophagosomes and deliver virai nucleic acids to the 
endolysosome. An HMGB1-DNA complex released from 
damaged cells is captured by RAGE. Autoantibodies 
recognizing self-DNA or -RNA bind to FcyRIIa. LL37, an 
antimicrobial peptide, associates with endogenous 
DNA. These proteins are responsible for the delivery of 
endogenous nucleic acids to endolyosomes where they 
are recognized by TLR7 or TLR9. 
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Figure 4 Endogenous agonists for TLRs and immune diseases. Endogenous molecules released by dying cells, 
such as HMGB1, heat-shock proteins (Hsp) and ECM components, are recognized by TLR2, TLR4 or TLR2-TLR4. 
Amyloid-P and oxidized LDL (Ox-LDL) are both sensed by TLR4-TLR6 along with the coreceptor CD36. Oxidized 
(Ox-) phospholipids generated after infection and the antimicrobial peptide (3-defensin 2 are recognized by TLR4. 
Recognition of these endogenous molecules by celi surface TLRs leads to inflammation as well as repair responses. 
Self DNA and RNA in complex with LL37 are internai ized into early endosomes and are recognized by TLR9 and 
TLR7, respectively. The HMGBI-self DNA complex is internalized via RAGE and is recognized by TLR9. Immune 
complexes containing self nucleic acids are internalized via Fc receptors, such as FcryRIla, and stimulate TLR7 
and TLR9. Self DNA incompletely digested during apoptosis is probably sensed by an intracellular DNA sensor that 
activates TBK1 . The recognition of self nucleic acids by TLR7, TLR9 and an as-yet-undefined DNA sensor leads to 
the induction of type I interferon and promotes autoimmune and/or inflammatory diseases. 






Figure 1 

The two-phase paradigm for lupus pathogen- 
esis. In the initiation phase (i), self-nucleic 
acids and associated proteins in apoptotic 
celi debris are taken up by DCs and nontol- 
erant B cells with specific BCRs, leading to 
endosomal TLR engagement, production of 
type I IFNs, antigen presentation to helper 
T cells, and production of autoantibodies. In 
the amplification phase (ii), autoantibodies 
complexed with particles containing nucleic 
acids and proteins are taken up by pDCs, 
DCs, and B cells, thereby creating an autoam- 
plification loop that sustains the pathogenic 
response. In some instances, recognition of 
nucleic acids may be mediated by cytosolic 
sensors, and microbial nucleic acids may also 
precipitate these events. 




Table 1. TLR ligands and related diseases. 



TLR 


PAMPs 


DAMPs 


Disease 


TLR1 


(w/TLR2) triacyl lipoprotein 


n.d. 




TLR2 


Lipoproteins 

(w/TLR1) triacyl lipoprotein 

(w/TLR6) diacyl lipoprotein, LTA, zymosan 


(W/TLR6) HMGB1, HSPs, ECM 


Candidiasis 


TLR 3 


dsRNA 


mRNA 


WNV 


TLR4 


LPS, virai envelop proteins 


HMGB1, HSPs, ECM, 
Ox-phospholipids, p-defensin 2 
(w/TLR6) Amyloid-0, Ox-LDL 


Sepsis, EAE, 
Atherosclerosis, 
COPD, Asthma 


TLR 5 


Flagellin 


n.d. 




TLR 6 


(w/TLR2) Diacyl lipoprotein, LTA, Zymosan 


(w/TLR2) HMGB1, HSPs, ECM 




mTLR7/hTLR8 


ssRNA 


ssRNA (immune complex) 




TLR 9 


DNA, hemozoin 


DNA (immune complex) 


Malaria, SLE 


TLR 10 


Unknown 


n.d. 




TLR 11 


Profilin-like molecule 
Uropathogenic bacteria 


n.d. 





COPD, chronic obstructive pulmonary disease; EAE, experimental autoimmune encephalomyelitis; ECM, extracellular matrix; HMGB1, high mobility group box 1; HSPs, 
heat shock proteins; LTA, lipoteichoic acid; n.d., not determined; Ox-LDL, oxidized low-density lipoprotein; SLE, systemic lupus erythematosus; WNV, West Nile virus. 
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TLR targeted therapeutics. Plasma membrane and intracellular localized TLRs currently being considered as potential therapeutic targets are shown. 
The differential recruitment of adapter proteins (Mal, MyD88, TRIF and TRAM) to these receptors leads to the activation of downstream signalling 
pathways, resulting in the activation of transcription factors such as NFkB. TLRs can contribute to the pathogenesis of numerous immune-related 
diseases and cancer. They are therefore attractive targets for therapeutic intervention. Current compounds in development to target TLRs, to either 
stimulate orantagonizetheir activity are shown in boxes, with the specific indications also shown. SLE: systemic lupus erythematosus, RA: rheumatoid 
arthritis, MS: multiple sclerosis. 



Table 1 


Developmental status of TLR targeted therapeutics 
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Indica tions 
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TABLE 4-3 Pattern Recognition Molecules of the Innate Immune System 

Celi -Associated Pattern 

Recognition Receptors Location Specific Examples PAMP/DAMP Ligands 



Toll-like receptors (TLRs) 




Plasma membrane and endosomal 
membranes of dendritic cells, 
phagocytes, B cells endothelial 
cells, and many other celi types 



TLRs 1-9 



Various microbial molecules 
including bacterial LPS and 
peptidoglycans, virai nucleic 
acids 



NOD-like receptors (NLRs) 


Cytoplasm of phagocytes epithelial 
cells, and other cells 


N0D1/2 
NALP family 
(inflammasomes) 


Bacterial celi wall peptidoglycans 
Flagellin, muramyl dipeptide, LPS; 

urate crystals; products of 

damaged cells 


RIG-like receptors (RLRs) 


Cytoplasm of phagocytes and other 
cells 


RIG-1. MDA-5 


Virai RNA 


C-type lectin-like receptors 

C 


Plasma membranes of phagocytes 


Mannose receptor 
Dectin 


Microbial surface carbohydrates 
with terminal mannose and 
fructose 

Glucans present in fungal celi walls 




RICONOSCIMENTO AGENTI PATOGENI da parte 
delle cellule dell' immunita' innata 



PAAAPs 

(Pathogen Associateci Molecular Patterns) 



PRRs 

(Pattern Recognition Receptors) 



TABLE 4-2 


Examples of PAMPs 




Pathogen-Associated Molecular Patterns 


Microbe Type 


Nucleic acids 


ssRNA 


Virus 




dsRNA 


Virus 




CpG 


Virus, bacteria 


Proteins 


Pilin 


Bacteria 




Flagellili 


Bacteria 


Celi wall lipids 


LPS 


Gram-negative bacteria 




jDotejcJjoic^cid^ 


Gran^ositiy^acteria 


Carbohydrates 


Mannari 


Fungi, bacteria 




Dectin glucans 


Fungi 



[ 




Figure 2 

D cetili- 1 as a model hcmlTAM-couplcd receptor. Following binding to agonist ligands, Dcctin-1 reemits 
Syk through a phosphotyrosinc in the hcmlTAM motif. Syk induces production of ROS that act as 
microbicidal agcnts and contribute to the activation of the NALP3 inflammasomc, leading to the processing 
of pro-IL-1 |3. Syk also lcads to the activation of NF-kB at differcnt lcvels. First, Syk leads to recruitment 
and activation of CARD9/BcllO to activatc the canonical p65/p50 pathway and Malt-1, which activatcs c-Rcl 
in human DCs. Indcpcndcnt of CARD9, Syk also lcads to the activation of NIK and the noncanonical RclB 
pathway. Finally, Dcctin-1 engagement also lcads to Syk-indcpcndcnt activation ofRaf-1, which rcsults in 
acetylation of p65/p50 and modulation of NF-kB activity in part through inhibition of the RclB modulc. Syk 
also activatcs the p38, ERK, and JNK cascades, as wcll as NFAT, ali of which rcgulatc gene transcription in 
coopcration with NF-kB. (Abbrcviations: ROS, rcactivc oxygcn spccics; NALP3, NACHT, LRR, and P\T) 
domain-containing protein 3; CARD9, caspa se recruitment domain-containing protein 9; ERK, cxtraccllular 
signal-rcgulatcd kinasc; JNK, c-Jun N-tcrminal kinasc; NFAT, nuclcar factor of activated T celi; NIK, 
NF-KB-inducinK kinasc.) 



Myeloid CLRs 



a b c d 




hemITAM 


ITAM-coupIed 


ITIM 


ITAM-ITIM 






Independent 


Group II 


Group II 


Group II 


Group II 


SIGN-R3 


BDCA-2 / DCAR 


DCIR 


DC-SIGN 




Mincle 




SIGNR1 


Group V 




Group V 


LSECtin 


Dectin-1 


Group V 


MICL 


MCL 
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Langerin 
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Ly49Q 


MGL/Mgll, Mgl2 
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CLEC-1 
DCAL-1 
LOX-1 



Figure 1 

SignaJing familics of mycloid CLRs. Alycloid CLRs can bc groupcd — indcpcndcntly of structurc — into four 
groups bascd on cytoplasrnic signaling motifs and the binding of carly adaptors, kinascs, or phosphatascs 
(note that sclcct structura] groupings, E, V, and VI, are given in Table 1 and are noted at the bottom of this 
figure): (a) hcmlTAAl-couplcd CLRs signal via Syk through a single tyrosinc-bascd motif in their tail; 
(b) ITAiM-couplcd CLRs signal via Syk through associarion with ITAM-bcaring adaptors as FcRy chain or 
DAP12; (c) ITIM-containing CLRs posscss an ITIAl motif that can recruit phosphatascs SHP-1 and SHP-2; 
(d) ITAM-ITLM-indcpcndcnt CLRs do not signal through Syk or phosphatascs, although they may contain 
UTosinc-bascd motifs involvcd in cndo^osis. (Abbrc\ìations: CLR, C-typc lectin receptor; ITAA1, 
immunoreceptor tyrosinc-bascd activation motif; ITLM, immunoreceptor tyrosinc-bascd inhibition motif.) 
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Fig. 2. Cytokine production in response to C-type lectin receptor (CLR) recognition of fungi. A schematic representation 
the signalling pathways involved in CLR-mediated cytokine production. 
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Figure 1 1 Schematic representation of the structure and main signalling pathways of the 
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PRR families. 
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Pro-inflammatory cytokines 



Cytoplasmic PRR 



I TLRs riconoscono i patogeni sia sulla superficie cellulare sia ali interno dei 
compartimenti lisosomiali o endosomali. Il sistema dei TLR non è quindi 
utilizzato per il riconoscimento di patogeni che hanno invaso il citoplasma. 

I patogeni intracellulari sono riconosciuti da vari recettori citoplasmatici, i quali 
attivano risposte effettrici. Ad oggi sono stati clonati svariati PRRs 
citoplasmatici che possono essere classificati in tre gruppi (e sottogruppi): 




1) "RIMA helicases" (RLR) 



2) altre recettori citosolici (DNA 
sensors) 



Acidi nucleici (p.es. virali, 
batterici) 




3) Proteine NLR (NOD-LRR) 
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The generalized virus infection and replicatbn cycle. (1) Virus entry can occur by way of virus fusion with the celi membrane or by receptor-mediated 
endocytosis, followed by (2) uncoating and production of virai transcripts, (3) virai protein translation, (4) virai genome replication, (5) virion 
assembly and (6) release from the host cell. The example shown reflects most RNA viruses, which replicate in host celi cytosolic compartments. 
Virtually each step in the virus replication cycle is subject to surveìllance by PRRs. 
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PRR recognition of virai products. Three themes of PRR recognition of virai products are shown: RIG-I and MDA5 binding of cytosolic virai dsRNA (left), 
TLR2 and TLR4 interaction with intact virai particles or virai surface proteins (middle), and TLR interactions of virai products withìn intact 
endosomes (right). In each case, PRR-PAMP interactbns trigger signaling programs through specific adaptor proteins that adivate transcriptbn 
factors, including IRFs and NF-kB, to induce production of IFNs and proìnflammatory cytokines from the site of infectfon. 
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Figure 3. Virai infection triggers the IFN-p signal transduction pathway of the host innate immune system, activating the antiviral state, (a) Virai RNAs are detected by 
cytosolic helicases RIG-I and MDA-5, leading to the phosphorylation and nuclear translocation of transcription factor IRF-3/7, which stimulates the production of the IFN-0 
cytokine. Activation of NF-kB, also resulting from PAMP recognition, can further enhance IFN-p production, (b) IFN-p activates the JAK/STAT pathway and IFN-stimulated 
response elements (ISREs) or antiviral genes, such as PKR, MHC class I, and 2',5'-OAS. 
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Fig. 1. Schematic structural representation of RIG-l-like family mem- 
bers and their signalling adaptor MAVS. The RLR family consists of 
RIG-I, MDA5 and LGP2. AH RLRs contain a DExD/H-box helicase 
domain containing ATPase activity; a CTD for functional repression or 
autoregulation, and CARD domains at the N-terminus of both RIG-I 
and MDA5 but not LGP2. These RLRs signal through a common 
adaptor MAVS/IPS1 , which contains a transmembrane domain (TMD) 
at the C-terminal region, a proline-rich region (PRR) and a homolo- 
gous CARD at the N-terminus. 
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FIG 2. RIG-I and MDA5 ligands and signaling. RIG-I and MDA5 recognize the ligands presented in Table I; 
LGP2 positively regulates RIG-I and MDA5 signaling. These RLRs transmit signals through the 
mitochondria-localized adaptor molecule IPS-1 to activate expression of type I interferon (IFN) and IFN- 
inducible genes and the antiviral response. 21 
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Fig. 1. RNA patterns and their recognition by RLRs. Summary of synthetic and virai RNA patterns and the RLRs recognizing them. 
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Figure 3. Signaling by RIG-I. (A) RIG-I binding to dsRNA that has a 5' triphosphate and polyubiquitin, the latter 
generated by the ubiquitin ligase TRIM25 and E2 ubiquitin-conjugating enzymes Ubc5 and Ubcl3, promotes RIG-I 
binding to mitochondrial MAVS. Subsequently, a larger complex containing the adaptor proteins CARD9 and 
BCL10 is assembled for MAPK and NF-kB activation. TRAF3, the kinases TBK1 and IKKe, and ER-resident protein 
STING are required for activation of transcription factors IRF3 and IRF7. {B) Functional outputs of some of the 
genes upregulated by MAVS signaling. 
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Fig. 1. RLH- and TLR3-mediated virai detection. RIG-I and MDAS recognize dsRNA and 5 '-triphosphate ssRNA from RNA viruses such as influenza 
virus, Sendai virus, VSV, JEV, and picornaviruses. RIG-I and MDAS trigger signaling cascades via 1PS- 1 , a CARD-containing protein. IPS- 1 induces type I 
IFN gene expressi on via TRAF 3, FADD, TANK, NAP1 , SINTBAD, TBK1 /IKK-i, and IRF-3/IRF-7. NF-kB is also activated by IPS- 1 via a FADD and caspase- 
8/-10-dependent pathway through their cleavage. TRIM25-mediated ubiquitination of RIG-I facOitates the activation of RIG-1 signaling. The role 
of LGP2 in RNA virus recognition is stili unclear. TLR, Toll-like receptor; 1FN, interferon; RLH, retinoic acid-induci ble gene 1 (RlG-I)-like helicases; 
VSV, vesicular stomatitis virus; JFV, Japanese encephalitis virus; FADD, FAS- associ ated death domain-containing protein; TANK, TRAF-associated NF-kB 
activator; TRAF3, tumor necrosis factor-receptor associated factor 3; NAP1, NAK-associated protein 1; TR1M25, tripartite motif 25; SINTBAD , similar 
to NAP1 TBK1 adapter; IRF-3, IFN-regulatory factor-3; C\RD, caspase recruitment domains; IPS, IFN-P promoter stimulator. 
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